1. Introduction {#sec1}
===============

Living cells emerged as open systems, exchanging matter and energy with their surrounding, extracting and channelling energy to maintain themselves in a dynamic steady state distant from equilibrium. One of the properties that distinguish living organisms is, among others, a high degree of chemical complexity and molecular organization, defined functions for each of their components and regulated interactions among them. The overall network of interconnected reaction sequences that interconvert cellular metabolites constitutes cellular metabolism \[[@B1]\]. Metabolism is adapted to achieve balance and economy \[[@B2]\]. For this reason, chemical reactions in living cells are under strict enzyme control and conform to a tightly regulated metabolic program. However, uncontrolled and potentially deleterious endogenous reactions occur, even under physiological conditions \[[@B3]\]. Aging, in this chemical context, could be viewed as an entropic process, the result of chemical side-reactions that chronically and cumulatively degrade the function of biological systems. Death, the endpoint in the kinetic process of aging, represents the threshold of damage sufficient to compromise the normal function of an essential physiological subsystem or its ability to survive a challenge to that function \[[@B4]\].

Although aging seems to be a multicausal process (other causal factors involved in the aging process are, e.g., membrane unsaturation \[[@B5]\], Maillard reaction \[[@B6]\], proteasome \[[@B7]\], autophagy \[[@B8]\]), it is likely due to a relatively small number of main causes with major effects. This would make it possible to study the main endogenous mechanisms of aging. Reactive oxygen species (ROS), especially those of mitochondrial origin, are most likely among those main causes \[[@B9]--[@B11]\]. Mitochondria are a main source of ROS in healthy aerobic tissues and are the only known extra-nuclear cellular organelles in animal cells that contain their own DNA (mtDNA). Mitochondrial ROS generation occurs continuously throughout life at a animal species-specific rate \[[@B12]\] independent of the rate of mitochondrial oxygen consumption but related to the longevity of each species and, consequently, with their rate of aging \[[@B11], [@B13]\].

In spite of the existence of many kinds of cellular antioxidants, as adaptive response to ROS generation, there is always a certain steady-state level of oxidative damage to macromolecules even in healthy unstressed animals \[[@B14], [@B15]\]. ROS can modify mtDNA directly at the sugar-phosphate backbone or at the bases, producing many different oxidatively modified purines and pyrimidines, including the most commonly measured 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG), as well as single and double strand breaks and DNA mutations \[[@B16], [@B17]\] ([Figure 1](#fig1){ref-type="fig"}). Reactive carbonyl compounds derived from carbohydrates and lipid oxidation reactions can also react at the exocyclic amino groups of deoxyguanosine, deoxyadenosine, and deoxycytosine to form various alkylated products \[[@B18], [@B19]\] ([Figure 1](#fig1){ref-type="fig"}). Some common carbonyl compounds that can potentially cause mtDNA damage are malondialdehyde, acrolein and 4-hydroxynonenal, among others. The most common adducts arising from enals are exocyclic adducts such as malondialdehyde-deoxyguanosine (M1G).

Many investigations have found that tissue steady-state levels of 8-oxodG show a moderate increase during aging in brain, heart, or liver nuclear (nDNA) or mitochondrial DNA (mtDNA) in rodents and humans \[[@B20]--[@B23]\], while such increases were not detected in other cases \[[@B23]--[@B25]\]. While 8-oxodG is normally present both in nDNA and in mtDNA, its level is several folds higher in mtDNA than in nDNA \[[@B12], [@B23], [@B26]\]. This has been attributed to various reasons like the lack of protective histones and polyamines or to a lower repair of mtDNA in relation to nDNA. However, while mtDNA lacks some forms of DNA repair, its capacity to repair 8-oxodG seems to be similar to that of nDNA \[[@B27]\]. Thus, the most probable reason for the higher level of 8-oxodG in mtDNA than in nDNA is its closeness to the main ROS generator of healthy cells, the inner mitochondrial membrane ([Figure 1](#fig1){ref-type="fig"}). Other factors, like the lack of introns in mtDNA, can amplify the detrimental consequences of the relatively higher level of oxidative damage of mtDNA. The genetic information is tightly packed on the mtDNA molecule and, therefore, most mutational changes on this genome should have injurious effects.

The observed increases in oxidative damage to mtDNA with aging likely reflect the net flux of oxidative damage resulting from the balance between prooxidant sources and antioxidant/detoxifying/repair systems that would contribute to age-related deterioration at all levels of the biological organization, possibly due to its capacity to generate mtDNA mutations \[[@B28]\]. The mitochondrial genome principally suffers from two types of mutations: point mutations, which are changes of one or a few nucleotides; and large deletions, which involve the removal of large portions of the genome (from a few hundred base pairs to almost the entire genome). The exact sources of mtDNA mutations are matter of debate, but might be similar to those causing nuclear DNA mutations, that is, errors during DNA damage processing or spontaneous polymerase errors \[[@B28], [@B29]\].

2. Rate of Generation of Mitochondrial Reactive Oxygen Species and Animal Longevity {#sec2}
===================================================================================

2.1. Generation of Mitochondrial ROS {#sec2.1}
------------------------------------

Inside mitochondrial respiratory chain, electrons from reduced substrates are passed from complexes I and II of the electron transport chain through complexes III and IV to oxygen, forming water and causing protons to be pumped across the mitochondrial inner membrane. The proton motive force set up by proton pumping drives protons back through the ATP synthase in the inner membrane, forming ATP from ADP and phosphate \[[@B30]\]. In this context, a major side reaction is that electrons may leak from the respiratory chain and react with oxygen to form the free radical superoxide. Superoxide anion, the product of a one-electron reduction of oxygen, is the precursor of most ROS and a mediator in oxidative chain reactions \[[@B15]\]. There is, however, a lack of stoichiometric coupling of ROS production to oxygen consumption \[[@B13]\].

It is well known that mitochondrial ROS (mtROS) generation occurs at complex I and at complex III (reviewed in \[[@B11], [@B14]\]). Concerning the electron transport component responsible for mtROS generation within complex I, flavin mononucleotide, ubisemiquinone species, or iron-sulphur clusters have been proposed (reviewed in \[[@B31]--[@B35]\]). Interestingly two of these, the flavin and all the FeS clusters, are located in the hydrophilic complex I domain facing the mitochondrial matrix, which would facilitate close proximity, or even the contact between mtDNA and the ROS generator (see [Figure 1](#fig1){ref-type="fig"}). In contrast, complex III produces ROS directed to the cytosolic side of the inner membrane, although recent studies suggest that part of the production could also occur towards the matrix side \[[@B36]\].

Are there biological adaptations determining the rate of mitochondrial free radical generation? Available evidence seems to suggest that this is the case. Among these adaptations the following can be included (reviewed in \[[@B14], [@B33], [@B37]\]): (i) to adapt the amount of the respiratory complex/es responsible for ROS generation. Thus, a decrease in the amount of complex I protein will lead to a decreased rate of ROS generation; (ii) to adjust the amount of uncoupling proteins. The mitochondrial superoxide production is very sensitive to the proton motive force, so it can be strongly decreased by mild uncoupling. In this scenario, an ancestral function of uncoupling proteins has been proposed: to cause mild uncoupling and so diminish mitochondrial superoxide production, hence protecting against oxidative damage; (iii) to regulate the degree of electronic reduction of these generators: the higher their degree of reduction, the higher will be their rate of ROS production; and (iv) to modify by enzymatic and nonenzymatic pathways such as S-nitrosation, acetylation, and glutathionylation specific peptides of the ROS generators.

2.2. Mitochondrial ROS Production and Animal Longevity {#sec2.2}
------------------------------------------------------

Several works have evaluated the relationship between mitochondrial ROS production and animal longevity. These studies found that the rate of mtROS production is lower in the tissues of long-lived than in those of short-lived animal species \[[@B11], [@B12], [@B14]\]. Early studies, however, only included animal species following the "rate of living theory"---the inverse relationship between longevity and metabolic rate-, so the results obtained could also be interpreted as a correlate of that phenomenon. Species with short longevity could show high mitochondrial ROS production simply because their rates of mitochondrial oxygen consumption are higher. Fortunately, comparative physiology offers more possibilities to test the hypothesis that mitochondrial ROS production is involved in the rate of aging and, consequently, in determining longevity. Three groups of homoeothermic vertebrates have an extraordinarily high longevity in relation to their body size and metabolic rate: birds, bats, and primates. Birds can be a strong test because if a low rate of ROS production contributes to slowing of the aging rate, the mitochondria of birds should show a low rate of ROS generation in spite of the high rate of oxygen consumption of these animals. Thus, in spite of their high rates of whole body O~2~ consumption, parakeets, canaries, and pigeons (with longevities of 21, 24, and 35 years, resp.) have lower rates of mtROS generation than mice and rats (3.5 and 4 years of longevity, resp.), even though their metabolic rates and body sizes are of a similar magnitude. The difference in ROS production between these species occurred at only one of the electron transport complexes: complex I. The low rate of mtROS production of birds, in spite of their high rates of oxygen consumption, is possible because (a) the percent of total electron flow in the respiratory chain directed to ROS production (the % free radical leak, %FRL) is lower \[[@B12]\], and (b) the total amount of mitochondrial complex I is also lower \[[@B38], [@B39]\]. This means that their respiratory chain transports electrons more efficiently avoiding univalent electron leaks to oxygen upstream of cytochrome oxidase. All the comparative investigations performed in mammals and birds show that mitochondrial ROS generation is lower in long- than in short-lived animals. Interestingly, this finding is even more significant after correction for effects of body size and phylogeny \[[@B40]\]. Furthermore, other interspecies comparisons between rodents with widely different longevities but similar body size (see \[[@B12]\]), or between rodents and bats \[[@B41]\], also showed that the longest-lived species had lowest mitochondrial ROS production and leak. Recent studies have also found much lower rates of ROS generation in human (primates---and especially humans---also live much longer than expected for their body size and metabolic rate) than in rat brain mitochondria \[[@B42]\]. If mitochondrial oxygen radical production controls aging rate, the rate of ROS production of animals with different metabolic rates and body sizes but similar longevity should be equal. This is exactly what happened in another interspecies comparison when mitochondrial ROS production of mouse (longevity, 3.5 yrs) and rat (longevity, 4 yrs) were compared \[[@B43], [@B44]\]. The longevity of these species are similar (3.5 and 4 years), whereas metabolic rate is threefold higher and body size is around 15 fold lower in the mouse than in the rat.

The relevance of ROS production in determining longevity has also been recently reinforced by using Drosophila as experimental model \[[@B45]\]. In this study, transgenic strains of Drosophila were created that express yeast NDI1 (in yeast, the single-subunit NADH dehydrogenase Ndi1 serves as a nonproton-translocating alternative enzyme that replaces complex I, bringing about the reoxidation of intramitochondrial NADH) ubiquitously. NDI1 expression mitigated the aging-associated decline in respiratory capacity and the accompanying increase in mitochondrial ROS production, and resulted in decreased accumulation of markers of oxidative damage in aged flies, resulting in an increased median, mean, and maximum longevity. These results support a central role of mitochondrial complex I in influencing longevity via oxidative stress.

In accordance with the low mitochondrial free radical production of long-lived animal species, there is an adaptive response concerning endogenous cellular antioxidant systems (reviewed in \[[@B14], [@B32]\]). Thus, long-lived vertebrates, including mammals, constitutively have lower (instead of higher) tissue levels of antioxidant enzymes and low molecular weight endogenous antioxidants, as well as repair systems \[[@B46]\], than short-lived ones. This observation has been recently extended to invertebrate models \[[@B47]\]. That characteristic can thus explain why endogenous tissue antioxidants correlate negatively with longevity across species: long-lived animals have constitutively low levels of antioxidants because they produce ROS at a low rate. If long-lived animals had high rates of ROS production together with their very low levels of endogenous antioxidants, their tissue cells would not be able to maintain oxidative stress homeostasis. Decreasing mitochondrial ROS production instead of increasing antioxidants or repair systems makes sense when considered from the point of view of evolution of longevity among species. It would be very inefficient to generate large amounts of ROS and, afterwards, try to intercept them before they reach cellular components like DNA, or even worse, try to repair DNA after heavily damaging it. This makes even more sense taking into account the high energetic cost of continuously maintaining high levels of antioxidant and repair molecules in cells. Interestingly, there is a close proximity or even contact between main sources of ROS at the inner mitochondrial membrane and mtDNA. So, lowering the rate of mtROS generation near mtDNA decreases its damage much more efficiently and at much lower cost \[[@B12]\].

In agreement with the adaptive response that represents antioxidant defences, and with the ability of all kinds of animals (short- or long-lived) to transitorily induce or repress these protective molecules when necessary in the needed amounts, the outcomes of two experimental paradigms deserve also special mention (reviewed in \[[@B11], [@B48], [@B49]\]): (i) experimentally increasing tissue antioxidants through dietary supplementation, pharmacological induction, or transgenic techniques sometimes moderately increases mean longevity (life expectancy) but does not change maximum longevity; and (ii) animals in which genes coding for particular antioxidant enzymes are knocked out can show different pathologies but their rates of aging do not seem to be affected. It is proposed that these findings are probably due to the activation of negative feedback mechanisms in order to maintain the redox balance, which is cell and species specific. It is this low endogenous rate of generation of highly damaging substances that can importantly contribute to a slower rate of accumulation of DNA damage and mutations, and then to a longer life, in long-lived species.

3. Mitochondrial DNA Damage and Longevity {#sec3}
=========================================

Mitochondrial DNA oxidation is one of the natural consequences of aerobic life. Among different kinds of molecular damage caused by ROS, that to mtDNA is important for longevity because it can lead to irreversible loss or alteration of its coded information, which will be especially deleterious in postmitotic tissues. Determinant mechanisms of the steady-state level of mtDNA damage include (i) because long-lived animal species have low rates of mtROS generation, this should be reflected in the steady-state level of oxidative damage and the accumulation of somatic mutations in their mtDNA; (ii) mtDNA is located very close to or even in contact with the site/s of mitochondrial ROS production (see [Figure 1](#fig1){ref-type="fig"}); and (iii) the structural susceptibility of the mtDNA molecule to damage.

The susceptibility of mtDNA to damage could be related to the simplest property of a DNA sequence, the proportion of A, C, G, and T in the mtDNA molecule. In a recent study \[[@B50]\], analyzing the "light strand" mtDNA sequence of 94 animals species (including invertebrates, birds, and mammals), it was found that short-lived species have higher A and T abundances and lower C abundances than the long-lived species, while G is almost uniformly low in all species. The light strand was given this name because it is unusually deficient in G, and data from this study shows that this characteristic low G abundance carries through to all of these species. A conclusion is that there is some strong evolutionary pressure to keep the G abundance of the light strand low. The standard hypothesis is that the asymmetric mode of replication of the mtDNA molecule causes an increase in the G to A transition mutations on the light strand, depleting it of G nucleotides. In addition to this finding, it was verified that this pattern of nucleotides affects a DNA sequence property, the free energy (a physical property of the double-stranded DNA molecule related to the binding energy between the two DNA strands; the more negative the free energy is, the less likely is the spontaneous separation of the two strands through thermal fluctuations, conferring to the mtDNA a greater structural stability and lesser susceptibility to damage) \[[@B50]\]. The data showed a strong relationship between the mtDNA free energy and life span. Thus, the longer the maximum longevity of a species, the lower is the free energy of mtDNA \[[@B50]\]. Considering that of the four nucleobases, guanine has the lowest oxidation potential and is thus generally most easily oxidized \[[@B16]\], it is proposed that these mtDNA base sequence pattern and derived properties represent an evolutionary adaptation of long-lived species to increase mtDNA resistance to endogenous damage by chemical side-reactions and so to decrease the susceptibility of mtDNA to damage and mutation. A similar evolutionary adaptation has been demonstrated for proteins (by the methionine content) and membrane unsaturation (by the polyunsaturated fatty acids content) in long-lived species \[[@B5], [@B14]\].

In agreement with their high resistance to endogenous damage and low rates of mitochondrial ROS production, long-lived animal species have lower steady-state levels of 8-oxodG in their mtDNA \[[@B51], [@B52]\] and lower rates of urinary excretion of 8-oxo-7,8-dihydroguanine \[[@B53]\] than short-lived ones. Long-lived birds also usually show lower oxidative damage to mtDNA in their tissues than short-lived rodents of similar body size \[[@B54]\]. It has been also described that the rate of accumulation of mtDNA mutations with age is also much slower in humans than in mice \[[@B55]\]. In this line, in a recent study \[[@B56]\], analyzing the lineage-specific mitochondrial mutation rate across 1,696 mammalian species and comparing it with the nuclear rate, is reported a selected decrease of substitution rate in long-lived species, in agreement with the evidence for a causal role of mtDNA mutations in aging (reviewed in \[[@B57]\]), suggesting that natural selection tends to decrease the mitochondrial mutation rate in long-lived species. In addition, oxidative damage is around 5--9 fold higher in mtDNA than in nDNA in the brain and heart of all the 11 mammalian and bird species studied \[[@B51], [@B54]\], a difference similar to that generally observed for spontaneous mutations when comparing both DNAs \[[@B58]\].

In order to maintain mitochondrial genomic integrity and to avoid the gradual accumulation of oxidative DNA base lesions, mtDNA damage is repaired by a number of mechanisms (for review see \[[@B59]\]). In general, oxidized mtDNA bases are removed by base excision repair (BER) mechanisms \[[@B59], [@B60]\] and although these correcting mechanisms show high fidelity, DNA lesions can still accumulate with age. DNA polymerase enzymes (as component of the BER machinery) have a proofreading error-correcting capacity, and when mitochondrial DNA polymerase proofreading activity was eliminated in mice there was a 3--5 fold increase in mitochondrial mutations and a decreased longevity in such mice \[[@B61], [@B62]\]. In support for a relevant role of mtDNA mutations in the rate of aging, in a recent study it has been demonstrated that mutations in mtDNA profoundly affect the assembly of fully functional ETC complexes, leading to mitochondrial dysfunction and ultimately, to the activation of a mitochondrial-mediated apoptotic program, as mechanism underlying the accelerated aging process of this experimental model \[[@B63]\].

All that might suggest that the flux rates of both ROS attack on and repair of DNA are much higher in the mtDNA of short-lived than in that of long-lived animals, and are also much higher in the mtDNA than in the nDNA of all species \[[@B64]\]. In addition, the higher rate of mtROS production and mtDNA susceptibility to oxidative damage of short-lived animals may be an important cause of their much faster rate of accumulation of mtDNA mutations during aging \[[@B55], [@B65]\].

4. mtDNA Mutations and Rate of Aging {#sec4}
====================================

Aging is irreversible in nature. Thus, it could be caused in part by the long-life progressive accumulation of nonrepairable macromolecular damage. This occurs at the level of the main information-containing macromolecule of postmitotic cells, the DNA. As mentioned above, it is known that somatic mtDNA mutations can accumulate with age reaching very high levels in postmitotic tissues \[[@B66], [@B67]\], and some studies in mutant mice suggest that increasing the level of mtDNA mutations increases the aging rate \[[@B61]--[@B63]\].

It has been argued that the high copy number of mtDNA molecules per cell is contradictory with a possible role of mtDNA in aging, since loss of some mtDNA molecules would not be deleterious to the cell because the remaining wild type ones would be enough for the continuation of cell function. However, it is known that clonal expansion of mutated mtDNA molecules can bring them near to homoplasmy in old tissues \[[@B68]\]. Furthermore, the reliability theory of aging \[[@B69]\] points out that aging appears in complex systems thanks to the presence of redundancy of vital system components. Such redundancy also occurs at subcellular level in the case of mtDNA which is present in multiple copies per cell. If a single mtDNA molecule would exist per postmitotic cell instead of many, its deletion could easily result in cell death. According to Gavrilov and Gavrilova (2006) \[[@B69]\], some cases of the so-called "negliglible senescence" in simple organisms would not be cases of very slow aging as it is frequently assumed. Instead, they would be the simple result of a lack of redundancy in their vital component parts. They would just die when they are seriously damaged for the first time, and thus they could not tell us anything interesting about slow aging and longevity in mammals \[[@B69]\]. This concept of reliability and aging due to high redundancy could be also applied to mtDNA. Cells containing large amounts of mutated mtDNA molecules seem to survive many years or even decades in human postmitotic tissues, and their wrong functioning likely contributes to the age-related deterioration of tissue functions. Large accumulations of mtDNA mutations have been recently reported in substantia nigra \[[@B67], [@B70]\] as well as in human skeletal muscle in which 31% of the fibers of old individuals showed electron transport abnormalities and the abnormal fibers showed accumulations of deleted mtDNA molecules to detrimental (\>90% of the total mtDNA) levels \[[@B71], [@B72]\].

On the other hand, ROS have mutagenic capacity, and the rate of accumulation of DNA mutations is known to be higher when the cellular pO~2~ is increased, suggesting a role for ROS in their formation \[[@B73]\]. mtROS generation can be among the causes of such accumulation in vivo and thus of aging. Also agreeing with this possibility, both 8-oxodG \[[@B51], [@B74]\] and somatic mutations \[[@B58]\] are present in mtDNA at levels around 10 folds higher than in nuclear DNA (nDNA) \[[@B75]\]. Since it is now known that the capacity of the mitochondria to repair 8-oxodG is similar or even higher (instead of lower) than that of the nucleus \[[@B59]\], the difference in steady-state oxidative DNA damage between both compartments should be mainly due to the much higher capacity of the mitochondria for continuous ROS generation, not to differences in 8-oxodG repair \[[@B64]\], and possibly to the closeness or even the contact between mtDNA and the inner mitochondrial membrane \[[@B76]--[@B78]\].

5. Rate of Generation of mtROS-Induced Damage and Longevity: The Dietary Restriction Approach {#sec5}
=============================================================================================

The comparative studies described above are strongly suggestive of a causal relationship between mtROS production and longevity via mtDNA damage. But correlation does not necessarily mean that a cause-effect relationship exists, and experimental studies are needed for confirmation. Dietary restriction (DR) is the best described experimental intervention that slows down aging and increases longevity in different animal species such as *C. Elegans* \[[@B79]\], Drosophila \[[@B45]\], rodents (mice and rats) \[[@B80]\], and monkeys \[[@B81]\]. The effect of DR on mtROS production has been studied intensively in rodents and especially in rats \[[@B80]\]. These investigations, usually applying 40% DR, consistently demonstrated that long-term dietary restriction (between 1 year of DR and life-long DR) significantly decreases the rate of mtROS generation in rat tissues including heart, brain, skeletal muscle, liver, and kidney. It was also found that 6-7 weeks of dietary restriction are enough to decrease mtROS production and 8-oxodG in mtDNA and nDNA in rat liver \[[@B82]\]. It was also found that the decrease in mtROS generation in DR rats specifically occurs at complex I in all the organs studied so far (heart, liver, and brain), along with a decrease in the amount of the mtROS generators, and that it takes place together with lack of changes in mitochondrial O~2~ consumption and with a decrease in %FRL, indicating that the mitochondria of DR animals are more efficient in avoiding ROS production per unit electron flow \[[@B82]--[@B84]\]. These characteristics were also observed in long-lived animal species when compared to those of short-lived ones. The lack of changes in mitochondrial O~2~ consumption also agreed with the lack of variations in basal metabolic rate in DR \[[@B85], [@B86]\]. In addition, the decrease in mtROS generation observed in DR rats was accompanied by significant decreases in 8-oxodG levels in mtDNA alone, or in mtDNA and nDNA, depending on the tissue studied \[[@B82], [@B84], [@B87]\].

On the other hand, the repair of 8-oxodG in mtDNA through the mitochondrial base excision repair pathway does not increase and even decreases during DR \[[@B88]\]. Thus, the decrease in 8-oxodG steady-state level in mtDNA during DR must be due to a decrease in 8-oxodG formation. This is further supported by the fact that the three implicated parameters, mtROS generation, steady state 8-oxodG levels in mtDNA, and 8-oxodG repair through mitochondrial base excision repair decrease by a similar quantitative extent during 40% DR: around 30--40%. This agrees with the previously proposed model indicating that there is a decrease in the flow of oxidative damage through the mtDNA in DR \[[@B64]\], similar to what occurs in long-lived compared to short-lived species. In other words, mitochondrial 8-oxodG repair, like tissue antioxidants in long-lived animals, is lower (instead of higher) in tissues of DR rodents because their rate of mtROS production is lower than in those fed *ad libitum*. Neither 8-oxodG repair nor endogenous antioxidants should be continuously maintained at levels higher than required because that would be energetically costly. Both the antioxidants and the mtDNA repair systems are inducible. Thus, they can be transitorily increased at moments of higher than normal oxidative damage to quickly return to their basal levels when the situation is normalized. For instance, the repair of 8-oxodG is maximally induced in the rat kidney after only 6 hours of exposure to potassium bromate \[[@B89]\]. The lower steady-state oxidative damage in the mtDNA of long-lived and DR animals is much better obtained by decreasing the rate of mtROS generation than by increasing antioxidants and repair because this is much less costly and much more efficient and simple \[[@B11], [@B33]\].

In summary, lowering the rate of mtROS production seems to be a highly conserved mechanism developed during the evolution to be used both within (DR) and between species. It allows both long-lived species and DR animals to decrease steady-state oxidative damage to mtDNA, and likely the rate of accumulation of mtDNA mutations and the aging rate. In this scenario, it is proposed that natural selection tends to decrease the mitochondrial ROS generation, the oxidative damage to mtDNA and the mitochondrial mutation rate in long-lived species, in agreement with the mitochondrial oxidative stress theory of aging.
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![Schematic diagram of mitochondrial processes that are important for aging and longevity. The schematic shows that mitochondrial complex I is the main ROS generator. Several physiological mechanisms influencing the rate of mitochondrial ROS generation include: (i) the relative concentration of the respiratory complexes, (ii) the degree of electronic reduction of these generators, (iii) the uncoupling proteins, and (iv) specific chemical modifications. Oxygen radicals attack lipids, carbohydrates, proteins, and DNA. The products of lipid peroxidation include highly reactive molecules that can also cause lipoxidative damage to mitochondrial DNA. The scheme highlights two main characteristics of long-lived animal species likely contributing to their slow aging rate and superior longevity: highly resistant macromolecular components and low rate of generation of endogenous damage. Abbreviations: 8-oxodG, 8-oxo-7,8-dihydro-2′-deoxyguanosine; M1dG, Malondialdehyde-deoxyguanosine; HNE-dG, 4-hydroxy-2-nonenal-deoxyguanosine; HOPdG, Acrolein-deoxyguanosine.](JAR2011-807108.001){#fig1}

[^1]: Academic Editor: Björn Schumacher
